Prior studies have shown that neurons within the spinal cord are sensitive to response-outcome relations, a form of instrumental learning. Spinally transected rats that receive shock to one hind leg learn to maintain the leg in a flexed position that minimizes net shock exposure (controllable shock). Prior exposure to uncontrollable stimulation (intermittent shock) inhibits this spinally mediated learning. Here it is shown that uncontrollable stimulation undermines the recovery of function after a spinal contusion injury. Rats received a moderate injury (12.5 mm drop) and recovery was monitored for 6 weeks. In Experiment 1, rats received varying amounts of intermittent tailshock 1-2 days after injury. Just 6 min of intermittent shock impaired locomotor recovery. In Experiment 2, rats were shocked 1, 4, or 14 days after injury. Delaying the application of shock exposure reduced its negative effect on recovery. In Experiment 3, rats received controllable or uncontrollable shock 24 and 48 h after injury. Only uncontrollable shock disrupted recovery of locomotor function. Uncontrollably shocked rats also exhibited higher vocalization thresholds to aversive stimuli (heat and shock) applied below the injury. Across the three experiments, exposure to uncontrollable shock, (1) delayed the recovery of bladder function; (2) led to greater mortality and spasticity; and (3) increased tissue loss (white and gray matter) in the region of the injury. The results indicate that uncontrollable stimulation impairs recovery after spinal cord injury and suggest that reducing sources of uncontrolled afferent input (e.g., from peripheral tissue injury) could benefit patient recovery.
INTRODUCTION P
RIOR STUDIES have shown that environmental stimulation can have a long-lasting effect on spinal cord function, affecting nociceptive processing, plasticity, and locomotor function (for recent reviews see Patterson and Grau, 2001 ). In our laboratory, we have explored these effects using an instrumental [a.k.a., operant (Grau, 2000) ] training paradigm in which spinally transected (spinalized) rats are given legshock whenever one hindlimb is extended (Crown et al., 2002a; Crown and Grau, 2001; Grau et al., 1998; Grau and Joynes, 2001; Joynes et al., 2002) . Over the course of a 30-min training session, rats learn to maintain the shocked leg in a flexed position, reducing net exposure to shock (Grau et al., 1998) . Subjects that receive the same amount of shock independent of leg position (uncontrollable shock) do not exhibit an increase in flexion duration. Moreover, when later tested with controllable shock, rats that have previously received uncontrollable shock fail to learn (Crown et al., 2002b; Grau et al., 1998; Joynes et al., 2002) . Just 6 min of intermittent uncontrollable shock produces a behavioral deficit that lasts up to 48 h (Crown et al., 2002b) . Rats that have received an equivalent amount of controllable shock do not exhibit a loss in behavioral potential (Grau et al., 1998) . Controllable shock also has a protective effect that reduces the adverse consequences of subsequent uncontrollable stimulation .
These findings could have important implications for the recovery of function after spinal cord injury. In humans, spinal cord injury is often accompanied by sources of uncontrollable nociceptive input (e.g., from tissue damage below the injury). If the injury disrupts ascending pain pathways, the nociceptive signal will not reach the brain and the patient will 'feel' no pain. In the absence of pain complaints, physicians may not take steps to reduce the nociceptive input. Left unchecked, this overexcitation could engage a destructive process that undermines long-term recovery (Crown et al., 2002b; Faden et al., 1988; Hulsebosch, 2002; Liu et al., 1999; Nachemson and Bennett, 1993; Sugimoto et al., 1990; Wada et al., 1999; Yezierski et al., 1998) .
Three experiments are reported that examined the consequences of uncontrollable stimulation on the recovery of function after a contusion injury. Rats received a moderate contusion injury and, over the next 2 days, received shock stimulation at an intensity that engages withdrawal reflexes and pain-related behavior (Illich et al., 1995; King et al., 1996) . Experiment 1 (Shock) showed that just 6 min of intermittent shock reduces recovery of locomotor function after injury. This effect was evident 6 weeks after injury. Experiment 2 (Window) showed that the spinal cord is especially vulnerable within the first few days after injury. Experiment 3 (Controllability) demonstrated that controllable stimulation does not impair the recovery of locomotor function. Evidence is also presented that uncontrollable stimulation undermined the recovery of bladder function, survival, and sensory function. We show that impaired recovery was related to a shock-induced increase in tissue loss at the site of injury.
MATERIALS AND METHODS

Subjects
Subjects were 89 male Sprague-Dawley rats weighing 300-425 g, obtained from Harlan (Houston, TX). They were 90-110 days old, individually housed in Plexiglas bins [45.7 (length) ϫ 23.5 (width) ϫ 20.3 (height) cm], and maintained on a 12/12 h light/dark cycle (8 AM on/8 PM off). Food and water were available ad libitum. To facilitate access to food and the sipper tube, extra bedding was added to the homecage after surgery. In addition, the short rat sipper tubes were replaced with long mouse sipper tubes that could be easily reached without rearing. Subjects were weighed daily and checked for signs of autophagia and spasticity. A subject was classified as exhibiting spasticity if a limb was in an extended, fixed position and was resistant to movement. Bladders were expressed morning (8:00-9:30 AM) and night (6:00-7:30 PM) until subjects regained bladder control, which was operationally defined as three consecutive days with an empty bladder (no more than a few drops of urine) at the time of expressing (morning and night). All behavioral treatments and testing occurred between 10:00 AM and 5:00 PM.
All of the experiments were reviewed and approved by the institutional animal care committee at Texas A&M and all NIH guidelines for the care and use of animal subjects were followed.
Surgery
Subjects received a contusion injury using the MASCIS device developed by Gruner (1992) and Constantini and Young (1994) . Subjects were anesthetized with pentobarbital (50 mg/kg, i.p.). Ten min later, spinal reflexes were assessed to verify that a stable level of anesthesia had been achieved. An area extending approximately 4.5 cm above and below the injury site was shaved and disinfected with iodine. A 7.0 cm incision was made over the vertebral column. Next, two incisions were made on either side of the vertebral column, extending about 3.0 cm rostral and caudal to the T10-T11 segment. The vertebrae dorsal and medial to T10-T11 were then cleared and the spinal tissue exposed. The vertebral column was fixed within the MASCIS device and a moderate injury was produced by allowing the 10-g impactor (outfitted with a 3.0 mm tip) to drop 12.5 mm. After injury, the subject was removed from the device, placed on a heating pad, and the wound was closed with Michel clips. To help prevent infection, subjects were treated with 100,000 units/kg Pfizerpen (penicillin G potassium) immediately after surgery and again 2 days later. For the first 24 h after surgery, rats were placed in a recovery room maintained at 26.6°C. To compensate for fluid loss, subjects received 2.5 mL of saline after surgery. Michel clips were removed 14 days after surgery.
Apparatus
In Experiments 1 and 2 (Shock and Window), uncontrollable tailshock was applied while subjects were re-GRAU ET AL. strained in Plexiglas tubes [22 cm (l) ϫ 6.8 cm (int. dia.)]. A sheet of Plexiglas formed a floor, 5.5 cm wide (lying 5.3 cm from the top of the tube) on which the rats could lie. Tailshock was generated using a 660-V AC transformer (with a large series resistance) and applied through electrodes constructed from a modified fuse clip. The metal plates of the clip were covered with electrode paste (Harvard Apparatus) and taped 15 cm from the base of the rat's tail (for additional details, see Crown et al., 2002b) .
In Experiment 3 (Controllability), instrumental training was conducted while spinal rats were loosely restrained in tubes [23.5 cm (l) ϫ 8 cm (int. dia.); see Grau et al., 1998, Fig. 1] . Two slots [5.6 cm (l) ϫ 1.8 cm (w)] were cut 4-cm apart and 1.5 cm from the end of the tube, allowing both hind legs to hang freely. Legshock was applied by attaching one lead from a BRS/LVE shock generator (Model SG-903) to a wire inserted through the skin over the tibia, 1.5 cm from the tarsals. The other lead was attached to a 2.5-cm stainless steel pin that was inserted 0.4 cm into the tibialis anterior muscle 1.7 cm above the other electrode. Leg position was monitored using a contact electrode constructed from a 7-cm 0.018" stainless steel rod that was taped to the foot. The last 2.5 cm of the electrode was insulated from the foot with heat shrink tubing. The rod was taped to the plantar surface of the rat's foot with the end positioned directly in front of the plantar protuberance. A fine wire extended from the rear of the rod and was connected to a digital input monitored by a Macintosh computer. A plastic rectangular dish containing a NaCl solution was placed approximately 7.5 cm below the restraining tube and a ground wire was placed in the solution. When the contact electrode attached to the rat's paw touched the solution, it completed the circuit monitored by the computer. Flexion force was measured by attaching a monofilament plastic line to the rat's foot immediately behind the plantar protuberance. The line was passed through an eyelet positioned under the paw and attached to a strain gauge. For additional details, see Grau et al. (1998) .
In Experiments 1-3, locomotor behavior was assessed in an open enclosure [a 99.1 (diameter) ϫ 20.3 (deep) cm blue childrens wading pool].
Tactile reactivity was tested using Plexiglas tubes [7.0 (int. dia.) ϫ 20.0 (l) cm] that had 6.0 (l) ϫ 1.7 (w) cm notches removed from the sides of the base of the tube. These slots allowed the hind legs to hang freely below the tube. Tactile reactivity was assessed using von-Frey stimuli formed from nylon monofilaments (Semmes-Weinstein Anesthesiometer; Stoelting Co., Chicago, IL) and applied to the plantar surface of the paw.
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FIG. 1.
Experimental procedures for Experiments 1-3. All experiments involved a common General Procedure (top) in which rats were acclimated, injured, and scored for lomotor recovery over a 6-week period. This was followed by additional tests of sensory/motor recovery and histological analysis of tissue loss at the site of injury. The Experimental Treatment for each experiment is presented below. In Experiment 1 (Shock) independent groups of rats received different amounts of uncontrollable stimulation (0, 360, 1,800, or 3,600 sec) 1-2 days after injury. In Experiment 2 (Window) subjects received nothing or 360 sec ofReactivity to thermal and shock stimuli was tested on the same day (test order was counter-balanced across groups) using the apparatus and procedures described in King et al. (1996) . Briefly, thermal reactivity was tested using a 375-W movie light that was focused onto the rat's tail by means of a condenser lens positioned 8 cm below the light source. Shock thresholds were assessed using a manual shocker (BRS/LVE, Model SG-903) that allowed continuous variation of shock intensity between 0 and 2-mA (AC, constant current). Test shocks were applied 7 cm from the base of the tail by means of electrodes constructed from lightweight fuse clips. Test shock intensity was gradually incremented at a rate of 0.05 mA every 3 sec. For testing shock and thermal reactivity, the subject's tail was positioned in a 0.5 cm deep groove that was cut into an aluminum block. Plastic sides (6 cm ϫ 6.7 cm) were placed along the sides of the aluminum block to maintain the rat's tail under the heat source. A wire hook that was 10 cm long and covered with heat shrink tubing was taped to the last 2.5 cm of the tail. The hook was placed over an elastic band located 11 cm behind the aluminum block. The flexibility of the elastic band allowed for a tail-flick response while maintaining the rat's tail under the heat source. A photocell, located in the groove of the aluminum block, was used to automatically detect whether the rat moved its tail laterally 0.5 cm. To activate the photocell in the absence of radiant heat (on the shock test trials), a small 28-V light (General Instrumental, 1820) was positioned 3.5 cm above the photocell. The latency to vocalize was assessed using a microphone located at the front end of the tube. The vocalization threshold was set to 80 dB. A computer (Apple, Macintosh 8500) monitored the circuit controlled by the photocell and the output intensity from the microphone. After both movement and vocalization responses were detected, the shock or heat was terminated. If a subject failed to respond, the test trial was automatically terminated after 8-s of heat exposure or after shock intensity reached 1.2 mA.
Behavioral Testing
In all 3 experiments, the same procedure was used to assess the recovery of motor and sensory function (summarized at the top of Fig. 1 ). Recovery of hindlimb stepping was assessed while subjects moved freely about an open field. Because rodents often remain motionless (freeze) when first introduced to a new apparatus, subjects were acclimated to the observation fields for 5 min per day for 4 days prior to surgery. The first behavioral assessment was conducted 24 hrs after surgery, and prior to shock treatment. Each subject was placed in the open field and observed for 4 min. During this period, locomotor behavior was scored using the procedure developed by Basso, Beattie, and Bresnahan (BBB Scale, 1995) . Care was taken to ensure that the investigators scoring behavior had high intra-and inter-observer reliability (all r's Ͼ 0.89) and that they were blind to the subject's experimental treatment. Locomotor behavior was scored once per day for 2 weeks (Days 1-14). Subjects were then scored every other day from Day 14 to Day 26 and every 4 th day from Day 26 to Day 42. A video record of each subject's performance in the open field was obtained on Days 1, 2, 3, 4, 7, 14, 26, and 42. Sensory function was assessed after Day 42. Progressively stronger tactile stimuli were applied sequentially at approximately 2 sec intervals until subjects exhibited a paw withdrawal (motor response) and vocalization. If one or both responses were not observed, testing was terminated at a force of 300 g. Each subject was tested twice on each foot in a counterbalanced ABBA order. Test sequences were spaced 2 min apart. Stimulus intensity was reported using the formula provided by Semmes-Weinstein: Intensity ϭ log10 (10,000 * g force).
On an alternate day (test order was counter-balanced across groups), we assessed sensory reactivity using stimuli (a gradually incremented shock and radiant heat) and procedures employed in prior studies (Crown et al., 2000; King et al., 1996; McLemore et al., 1999) . Briefly, subjects were placed in the restraining tubes and the apparatus used to assess reactivity was attached to the tail. Next, subjects were allowed to acclimate to the apparatus for 15 min. Thermal and shock thresholds were then assessed at 2-min intervals two times each in an ABBA order.
Shock Treatments
Experiment 1-shock exposure. Experimental treatment began 24 h after the contusion injury (Day 1), after locomotor behavior was scored (see bottom portion of Fig. 1 ). Subjects were placed in the restraining tubes and the tail electrodes were secured with porous adhesive tape. Separate groups received nothing (0 sec), 360 sec, or 1,800 sec of intermittent tailshock on Day 1. The shocks were 1.5 mA, 0.08 sec in duration, and occurred on a variable time schedule (range, 0.2-3.8 sec) with a mean interstimulus interval of 2.0 sec. (Shock at an intensity of 1.5 mA [AC, constant current] is known to engage antinociceptive mechanisms within the spinal cord [Crown et al., 2002b; Meagher et al., 1993] , vigorous defensive behavior in intact rats, and intense pain in humans [Illich et al., 1995; King et al., 1996] . However, because the contusion injury disrupts communication to the brain, spinally injured rats should not "experience" the degree of pain normally elicited by these shock stimuli.) All subjects remained in the restraining tubes for an equivalent period (30 min). Subjects that received less GRAU ET AL. than 1,800 sec of shock were given shock during the last 6 min of the restraint period. After locomotor behavior was scored on Day 2, subjects were returned to the apparatus and half of the 1,800 sec treated rats received another 1,800 sec of shock treatment, yielding a net duration of 3,600 sec.
Experiment 2-window of vulnerability. Half of the subjects were placed in the restraining tubes after locomotor behavior was scored on Day 1. Half of these subjects (Shock Day 1) received 360 sec of intermittent tailshock as described above while the remaining subjects received nothing (Unshocked). The subjects that were not restrained on Day 1 were divided into two groups and given 360 sec of intermittent shock immediately after behavioral testing on Day 4 (Shocked Day 4) or Day 14 (Shocked Day 14).
Experiment 3-instrumental control. This used a shock protocol that we have shown supports instrumental learning within the spinal cord (Grau et al., 1998) . Prior to training, the rat's rear legs were shaved, marked for placement of the shock leads, and a stainless steel wire was inserted over the tibia. The subject was then placed in the test apparatus and secured by means of a wire belt. The contact electrode used to monitor leg position was taped to the plantar surface of the rat's foot using approximately 8-cm of porous tape (Orthaletic, 1.3 cm) with the end positioned immediately distal to the plantar protuberance. To minimize lateral leg movements, a piece of porous tape was wrapped around the leg above the ankle and taped to a bar extending across the apparatus directly under the front panel of restraining tube. The tape was adjusted so that it was taut enough to extend the knee, minimizing variability in leg position while not interfering with the flexion response. Next, a stainless steel wire was inserted into the tibialis muscle, 1.7 cm above the first electrode, and shock intensity was adjusted to produce a 0.4 N flexion force (Grau et al., 1998) . The container of salt solution was placed under the contact electrode and the level of the solution was adjusted so that the tip of the electrode was submerged by 4 mm. A third of the subjects (Master) then received 30 min of training with controllable shock. For subjects in this condition, shock only occurred when the contact electrode touched the underlying salt solution. A second group was experimentally yoked to the Master group. Each yoked rat was coupled to a master subject and received legshock at the same time, and for the same duration, as its master partner. For the yoked subjects, shock was uncontrollable-it occurred independent of leg position. A third group of subjects remained unshocked.
Master rats sometimes rapidly learn the instrumental requirement and, as a result, receive relatively little shock exposure. In the present experiment, this could undermine both the potential benefit of instrumental training and the negative consequences of uncontrollable shock. To avoid this problem, the performance of the master subjects was closely monitored. If a master rat successfully performed the instrumental response, and received no shock, for a period of 2 min during the first 10 min of testing, the response criterion was increased by raising the water level. Solution was added in 25 mL increments until it touched the contact electrode.
A second day of instrumental training (on the contralateral leg) was conducted after locomotor behavior was scored on Day 2. Subjects were prepared as described above and master rats received an additional 30 min of training. Yoked rats were again experimentally coupled to their master partners and received shock independent of leg position. Unshocked controls were set-up in the same fashion, but received no shock after the contact electrode depth was adjusted.
Data Analyses
The results were analyzed using an analysis of variance (ANOVA). In experiments with a temporal variable (e.g., exposure duration, recovery period), trend analyses were conducted to determine whether there was a significant linear (no inflection), quadratic (one inflection) or cubic (two inflections) trend. In cases where significant between-subject differences were obtained, group means were compared using the Duncan's New Multiple Range Test (p Ͻ .05).
Locomotor scores were transformed to help assure that the data were amendable to parametric analyses (A. R. Ferguson, M. S. Hook, G. Garcia, J. C. Bresnahan, M. S. Beattie, and J. W. Grau, unpublished observations). This transformation pools BBB scores 2-4, removing a discontinuity in the scale. The transformation also pools scores from a region of the scale (scores 14-21) that is very seldom used under the present injury parameters. By pooling these scores, we obtain an ordered scale that is relatively continuous with units that have approximately equivalent interval durations. Meeting these criteria allows us to apply metric operations (computation of mean performance across legs), improves the justification for parametric statistical analyses, and increases statistical power.
Additional statistical power was achieved by obtaining a measure of locomotor performance 24 h after injury, prior to shock treatment. This provides a behavioral index of the injury extent that is correlated with longterm recovery (r Ͼ 0.41, p Ͻ 0.05; Hook et al., 2004) . By using this factor as a covariate in an analysis of covariance (ANCOVA), we substantially reduced unexplained variance. This was especially true in Experiments UNCONTROLLABLE STIMULATION UNDERMINES RECOVERY AFTER SCI 2 and 3 where the Day 1 performance accounted for 39% and 43% of the variance, respectively. By reducing unexplained variation in recovery performance, we reduced the mean square error (by approximately 50% in Experiments 2 and 3) and thereby increased statistical power.
Group differences on dichotomous variables (e.g., mortality) were evaluated using the Fisher exact probability test. This test allows for comparisons of simple (2 ϫ 2) frequency tables with relatively small samples.
Additional analyses (Appendix A and B) were performed on our histological data using multivariate techniques (MANOVA, factor analysis). These procedures, which examine the inter-relationship among multiple dependent variables, allowed us to evaluate the relationship among our histological measures and the extent to which each accounted for an independent source of variance. The analyses also helped to uncover the inter-relationship between alternative measures of functional outcome and how these indices of recovery were related to histological factors.
Histology
At the end of behavioral testing, subjects were deeply anesthetized (100 mg/kg of pentobarbital, i.p.) and perfused (intracardially) with 4% paraformaldehyde. A 1 cm long segment of the spinal cord that included the lesion center was taken and embedded in paraffin prior to sectioning. In Experiments 1 and 3, the tissue was sectioned coronally in 10 m thick sections and every 20 th slice was preserved for staining. In Exp. 2-Window, the tissue was sectioned coronally into 20-m-thick sections and every fifth section was kept for analysis. All sections were stained with cresyl violet for Nissl substance and luxol fast blue for myelin (Beattie, 1992; Behrmann et al., 1992) .
Total cross-sectional area of the cord and spared tissue was assessed at the lesion center from camera lucida drawings made by an experimenter who was blind to the subject's treatment condition. Sections Ϯ 600, 1200, 1800, and 2400 m from the lesion center (rostral and caudal) were also drawn and analyzed. Four indices of lesion magnitude were derived from the camera lucida drawings: lesion area, area of residual gray matter, area of residual white matter, and width. For derivation of lesion area, and the spared gray/white matter, the camera lucida drawings were scanned onto a Macintosh computer and imported into CANVAS 8 (Deneba systems Inc.). To determine lesion area (number of pixels), an observer who was blind to the experimental treatments traced around the boundaries of cystic formations and areas of dense gliosis (Basso et al., 1996) . Nissl-stained areas that contained neurons and glia of approximately normal densities denoted residual gray matter. White matter was judged spared in myelin-stained areas lacking dense gliosis and swollen fibers. The total area of each crosssection was derived by summing the areas of the lesion, gray and white matter. Width was determined from the most lateral points along the transverse plane. These analyses yielded six parameters for each section: white matter, gray matter, spared tissue (white ϩ gray), lesioned tissue, net area (white ϩ gray ϩ lesion) and section width.
Researchers studying spinal cord injury have used two methods for computing the magnitude of relative lesion, each designed to provide some control for variability in section area across subjects. One method calculates the percent lesion from the ratio of lesioned tissue to net area (Bresnahan et al., 1987 ). An alternative procedure uses standards derived from undamaged spinal cord sections (Olby and Blakemore, 1996) . To determine which method should be used in the present study, we examined whether our two measures of section size (width and net area) were affected by our experimental treatment. The gross impact of shock treatment was assessed by comparing the unshocked controls to subjects that received uncontrollable shock 24 hrs after injury, collapsed across Experiments 1-3. Shock treatment had no effect on cord width [unshocked ϭ 2.39 Ϯ 0.13 mm (mean Ϯ SE); shocked ϭ 2.45 Ϯ 0.08 mm; F (1,10) Ͻ 1.0, p Ͼ 0.05]. Shock did, however, reduce net section area by 26% [F (1,44) ϭ 4.46, p Ͻ 0.05]. Because widths did not differ, the difference in area must reflect a difference in height-shocked rats had cord tissue that was generally thinner along the dorsal-ventral axis.
The fact that tissue area varied across experimental conditions poses a problem for the computation of percent lesion based on the ratio of lesion area to net area. The difficulty is that either variable (lesion or net area) could account for the group difference. Given this, we adopted an alternative methodology modeled after Olby and Blakemore (1997) in which section area was related to standards from undamaged tissue. Twelve sections of undamaged tissue 2.4 mm rostral and caudal to the lesion center were compared. Across this region, neither width nor net area differed [both Fs Ͻ 1.0, p Ͼ 0.05]. As would be expected, there was a strong correlation between width and area r (12) ϭ 0.86, p Ͻ 0.001].
To help control for individual variability (stemming from factors such as variation in subject size and tissue hydration at the time of sectioning), a correction factor was derived from section width (Appendix A). This correction factor was then multiplied by each of our area measurements. Because section width was not affected by our experimental treatment, this correction should help control for individual variability without introducing a GRAU ET AL. source of bias. The utility of this procedure was confirmed by computing the correlations obtained between the area measurements (uncorrected and corrected) and BBB locomotor score (averaged over the last 4 days of testing). For each area measurement, the correction increased the strength of the correlations obtained (Appendix A).
RESULTS
In the sections that follow, we introduce each experimental manipulation and its impact on locomotor behavior. We then describe the impact of these experimental variables on other functional and histological outcomes.
Experiment 1-Shock Exposure
Our first experiment evaluated the impact of intermittent tailshock on recovery. One day after injury subjects received no shock, 360 sec of intermittent shock, or 1,800 sec of intermittent tailshock. A fourth group received 1,800 sec of shock 24 and 48 h after injury (3,600 sec shock group). Locomotor function was then assessed over the next 6 weeks using the BBB scoring procedure.
The impact of shock exposure on locomotor recovery is illustrated in Figure 2 . The transformed BBB score values are given on the left y-axis. For comparison, the untransformed score values are presented on the right yaxis. One day after the moderate injury (Day 1), subjects exhibited a behavioral score of approximately 2. A score of 2 is given when subjects can only exhibit extensive movement of one joint (with, at most, slight movement in a second joint). This is within the range of behavior exhibited by subjects that have received a complete spinal transection (Basso et al., 1996) . After Day 3, unshocked rats recovered some locomotor function and over the next 2 weeks reached a behavioral score of 9 (transformed; 11 untransformed). Subjects in this range of locomotor scores exhibit frequent to consistent weight-supported plantar steps and no forelimb-hindlimb coordination. Shocked rats exhibited a deterioration in performance on Days 2-4, which was followed by a slow and stunted recovery. Again, performance asymptoted at about 2 weeks, but for shocked rats terminal performance was far worse with a locomotor score of approximately 5 (transformed; 7 untransformed). Subjects at this level of locomotor performance can exhibit extensive movement of all three hindlimb joints, but show no signs of sweeping (a precursor to stepping) or weight-supported stepping. Though the duration of shock treatment varied over a 10-fold range, there was little difference across the three shocked groups.
An ANOVA confirmed that the behavioral scores on Day 1, prior to shock treatment, did not differ [F (3,20) 
Impact of shock exposure on the recovery of locomotor function after a contusion injury. Rats received varying amounts of intermittent tailshock 1-2 days after injury. The left y-axis indicates behavioral score using the transformation recommended by Ferguson et al. (in press) and the right y-axis indicates the score achieved using the untransformed BBB score. The error bars indicate the standard error of the mean (SE).
1.0, p Ͼ 0.05]. A mixed ANCOVA (with Day 1 locomotor performance serving as the covariate) showed that shock treatment had a significant impact on overall performance [F (3,19) ϭ 4.72, p Ͻ 0.05]. Post hoc comparisons of the group means indicated that the three shocked groups differed from the unshocked controls, p Ͻ 0.05. No other differences were significant. To verify that the groups differed at the end of behavioral testing, we performed a separate ANCOVA on the mean performance collapsed across the last 4 days of scoring (Days 30, 34, 38, and 42) . Again, there was a significant effect of shock treatment [F (3,19) ϭ 3.25, p Ͻ 0.05]. Post hoc comparisons showed that the three shocked groups differed from the unshocked controls, p Ͻ 0.05. No other differences approached significance, p Ͼ 0.05.
It appears from Fig. 2 that group differences emerged soon after shock treatment. An ANCOVA conducted on the behavioral scores collected on Day 3 confirmed that shock treatment had a significant impact early in recovery [F (3,19) ϭ 4.21, p Ͻ 0.05]. Posthoc comparisons showed that the three shocked groups differed from the unshocked controls, p Ͻ 0.05, and that no other group differences approached significance.
Experiment 2-Window of Vulnerability
Exp. 1-Shock showed that intermittent shock one day after injury impairs the recovery of locomotor function. Exp. 2-Window examined whether this disruptive effect is limited to a period soon (24-48 hrs) after injury. Independent groups received 360 sec of intermittent shock 1, 4, or 14 days after injury. A fourth group served as the unshocked controls. Figure 3 shows that delaying shock treatment reduced its adverse effect on recovery. Rats given shock on Day 1 exhibited poor recovery relative to the unshocked controls. As the temporal interval between contusion and shock treatment was increased, the effect of shock declined.
An ANOVA performed on the data collected on Day 1 confirmed that the groups did not differ prior to shock treatment [F (3,20) Ͻ 1.0, p Ͼ 0.05]. A mixed ANCOVA revealed a significant main effect of day post injury [F (22,418) ϭ 11.28, p Ͻ 0.0001]. Though the main effect of shock treatment (collapsed across day post-injury) was not significant [F (3,19) 
Experiment 3-Instrumental Control
In spinally transected rats, only uncontrollable shock disrupts behavioral potential within the spinal cord. The GRAU ET AL. same amount of controllable shock does not have a disruptive effect and, in some cases, can engage a protective effect that helps preserve the capacity for learning Crown et al., 2002b) . Exp. 3-Controllability examined whether the variable of instrumental control also modulates the disruptive effect that stimulation has on the recovery of function. One group of subjects (Master) was trained with controllable shock for 30 min, 24 h, and 48 h after a contusion injury. During each training session, Master subjects received shock to one hindlimb whenever that limb was extended. When the limb was flexed, shock was terminated. Because the injury induced a temporary paralysis that does not begin to wane until after Day 3 (Experiments 1 and 2), and because the training procedure involved a hindlimb, both brain-mediated perception of the response-outcome relation and voluntary control over the hindlimb were disrupted. Nonetheless, we anticipated that Master rats would be able to acquire the instrumental task because spinal cord neurons can support this form of learning after the cord has been surgically disconnected from the brain (Grau et al., 1998) . Another group (Yoked) received the same amount of legshock, but independent of leg position (uncontrollable shock). Each subject in this group was experimentally coupled to a master rat and received shock at the same time, and for the same duration, as its master partner. The last group served as the unshocked controls.
Performance during the instrumental training procedure is illustrated in Figure 4 . As usual, Master rats learned to maintain their leg in a flexed position, thereby minimizing shock exposure. This learning was evident from an increase in response duration (upper panel). Naturally, as subjects acquired the task, they made progressively fewer responses (bottom panel). A similar pattern was observed on Day 2 when subjects were re-exposed to the training procedures. An ANOVA confirmed that there was a significant difference in response duration across groups [F (1,12) ϭ 63.18, p Ͻ 0.0001]. There was also a significant effect of time and time ϫ group interaction [both Fs Ͼ 2.14, p Ͻ 0.001]. Post hoc comparisons of the mean response durations showed that the Master group exhibited longer response durations overall than both the Yoked and Unshocked subjects, p Ͻ
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FIG. 4.
Response duration (A,B) and response number (C,D) across the two days of training in Exp. 3-Controllability. Master rats received shock to one leg whenever that leg was extended. Yoked rats received shock independent of leg position. Unshocked subjects were set-up in a similar fashion, but never received shock. Only controllably shocked animals exhibited an increase in response duration indicative of learning. To further analyze the nature of the time ϫ group interaction, an additional ANOVA was performed on response number during the period (Time Bins 1-3 on Days 1 and 2) when subjects exhibited the highest level of responding. Again, there was a significant main effect of group, time, and a group ϫ time interaction [all Fs Ͼ 3.93, p Ͻ .01]. Master rats exhibited more responses than their yoked partners, and both of these groups differed from the unshocked controls, p Ͻ 0.05.
The impact of controllable versus uncontrollable shock on the recovery of locomotor function is illustrated in Figure 5 . As observed in Exp. 1-Shock, unshocked controls began to recover locomotor function after Day 3 and performance asymptoted within about 2 weeks. Rats that received controllable shock (Master) exhibited a similar course of recovery. The results of Exp. 3-Controllability have important implications for the interpretation of our earlier results. Poor locomotor recovery does not appear to be an inevitable, unconditioned, consequence of stimulation. Rather, the impact of shock was modulated by the variable of instrumental control. Moreover, shock does not undermine recovery simply because it elicits a response. If eliciting a flexion response was damaging, the controllably shocked rats should have exhibited the poorest recovery because they had the highest response rate. What distinguished controllably and uncontrollably shocked animals was not the intensity/duration of stimulation (which was equated across groups), or the number of responses elicited, but rather whether an instrumental relation was present. If an instrumental response-outcome relation existed, shock had no effect on long-term recovery. If no relation existed, recovery was impaired.
Other Indices of Recovery
Mortality. Subjects were assigned to the various experimental procedures 1 day after surgery. At this point, the probability of long-term survival was relatively high. Indeed, none of the rats assigned to the unshocked groups died over the 6-week recovery period in Experiments 1-3. There was, however, some mortality in the shocked GRAU ET AL. groups (Fig. 6A-C) . On the average, just over a quarter of the shocked rats died (27.3%; including 4 subjects that were euthanized due to poor health). The mean day of death was 13.7 (median ϭ 9; range: 3-34). Fisher's exact probability test confirmed that the difference in mortality between the shocked and unshocked groups was statistically significant, p Ͻ 0.05.
The greatest attrition (five subjects) was associated with the most severe shock schedule (3,600 sec of intermittent shock over 2 days; Fig. 6A ). In order to achieve a balanced design, with an equal number of subjects per cell, additional subjects were folded into the experimental groups whenever a subject died during the course of recovery. If anything, such a procedure may have caused UNCONTROLLABLE STIMULATION UNDERMINES RECOVERY AFTER SCI 1805 FIG. 6. Impact of shock treatment on mortality (A-C), terminal weight (D-F), recovery of bladder function (G-I), and spasticity (J-L) in Experiments 1-3. In Exp. 1-Shock (left column) rats received varying amounts of intermittent shock. In Exp. 2-Window (middle column) rats received shock 1, 4, or 14 days after injury. In Exp. 3-Controllability (right column) rats received nothing (Unshocked), controllable shock (Master), or uncontrollable shock (Yoked). For A-C, the unfilled bars indicate the proportion of subjects that were euthanized because of health concerns. In D-I, the error bars indicate the SE. us to underestimate the magnitude of our shock effects, for rats that died may have had the poorest locomotor performance. For Exp. 1-Shock, we addressed this possibility in two ways. First, we examined the pattern of results obtained when all of the data points were included. Second, we excluded the added subjects. Neither manipulation altered the overall pattern of results. When these same procedures were applied to Exp. 2-Window and Exp. 3-Controllability, our conclusions remained the same.
Weight. Other indices of health also suggest that uncontrollable stimulation has an adverse effect on recovery. Prior to treatment, there were no significant differences in weight across groups within an experiment [all Fs Ͻ 2.01, p Ͼ 0.05]. In Exp. 1-Shock (Fig. 6D) , the unshocked rats gained more weight over the 6-week recovery period (increasing from 361 to 410 g) than subjects in the shocked groups [F (3,20) ϭ 3.67, p Ͻ 0.05]. Post hoc comparisons showed that both the 360 and 3,600 sec shocked groups differed from the unshocked group by Day 42. In Exp. 2-Window, shocked rats generally weighed less at the end of recovery (Fig. 6E ), but these differences were not statistically significant [F (3,20) ϭ 1.67, p Ͼ 0.05]. Shocked rats in Exp. 3-Controllability also showed less weight gain (Fig. 6F) , an effect that approached statistical significance [F (2,20) 
Bladder function. There were also differences in the recovery of bladder function that were associated with shock treatment. Figure 6G -I illustrates the average day on which bladder function recovered across groups in each experiment. In Exp. 1-Shock (Fig. 6G) , increasing shock exposure delayed the recovery of bladder function, yielding a significant linear trend [F (1,20) ϭ 7.03, p Ͻ 0.05]. Post hoc comparisons showed that the 3,600-sec shocked group differed from the unshocked controls. In Exp. 2-Window, recovery of bladder function was delayed when shock was administered one day after surgery (Fig. 6H ). This effect decreased as the temporal interval between contusion and shock treatment was increased, yielding a significant quadratic trend [F (1,20) ϭ 4.61, p Ͻ 0.05]. In Exp. 3-Controllability (Fig. 6I ), there were no significant group differences [F (2,21) 
Spasticity. Only one unshocked subject (5%) exhibited spasticity (limb rigidity) during the six-week recovery period (Fig. 6J-L) . In contrast, 16 shocked rats (30.8%) exhibited spasticity. Spasticity generally emerged 3 weeks after surgery (mean day ϭ 21.2; median ϭ 20). Fisher's exact probability test showed that the difference between the unshocked controls and rats given uncontrollable shock a day after surgery was statistically significant, p Ͻ 0.05.
The highest levels of spasticity were observed in Exp. 3-Controllability (Fig. 6L) . These high levels of spasticity raise a potentially problematic issue. Perhaps yoked rats failed to recover locomotor function because they developed limb rigidity. To address this issue, we examined the data from a period (Days 12-14) before the Master and Yoked rats exhibited any signs of spasticity. An ANCOVA confirmed that the groups differed on Days 12-14 [F (2,20) ϭ 6.26, p Ͻ .01]. Post hoc comparisons confirmed that Yoked rats were already exhibiting poorer recovery relative to the Master and Unshocked groups, p Ͻ 0.05. No other differences were significant.
The greater incidence of spasticity in Exp. 3-Controllability could be related to differences in the way shock was applied. In Exp. 1-Shock and Exp. 2-Window, rats received shock through cutaneous electrodes attached to the tail whereas in Exp. 3-Controllability shock was delivered through implanted leg electrodes.
Autophagia. Some autophagic behavior was observed over the course of the recovery period. Collapsed across the three experiments, 16.6% of the subjects exhibited autophagia. A similar amount of autophagia was observed in shocked (17.3%) and unshocked (15.0%) subjects.
Sensory Function
At the end of the recovery period, we assessed reactivity to an aversive shock, tactile stimulation, and a noxious thermal stimulus. In all cases, the stimuli were applied to a hindpaw or tail and over a range of intensities that normally elicit both a motor response (limb or tail withdrawal) and a supraspinally-mediated vocalization (King et al., 1996) . Across all 3 experiments, shock treatment had little impact on the threshold for eliciting a withdrawal response [all Fs Ͻ 2.05, p Ͼ 0.05]. The one exception was the motor response engaged by a gradually incremented shock. Rats that previously received the most severe shock regimen (3,600 sec of intermittent shock) were less responsive to this stimulus (Fig. 7A ). An ANOVA confirmed that there was a significant linear trend [F (1,19) ϭ 6.31, p Ͻ 0.05]. Though there was some indication that 3,600 sec of intermittent shock increased the threshold for eliciting a vocalization to shock (Fig. 7B) , this effect was not statistically significant [all Fs Ͻ 2.72, p Ͼ 0.05]. Intermittent shock did, howerver, increase the threshold for eliciting a vocalization to tactile stimulation (Fig. 7D ) [F (1,18) 
Prior shock treatment also had a significant effect on vocalization in Exp. 3-Controllability (Fig. 7E,F) . Yoked rats were less likely to vocalize to radiant heat (Fig. 7E ). An ANOVA confirmed that the groups differed GRAU ET AL.
[F (2, 20) ϭ 4.14, p Ͻ 0.05]. Post hoc comparisons showed that the Yoked group differed from the Unshocked group, p Ͻ 0.05. No other differences were significant, p Ͼ 0.05. A similar pattern was observed when vocalization to shock was assessed (Fig. 7F) . Again, an ANOVA confirmed that the groups differed [F (2,20) ϭ 7.38, p Ͻ .005]. Post hoc comparisons showed that the Yoked group differed from both the Master and Unshocked groups, p Ͻ 0.05. No other differences were significant.
In Experiments 1 and 2, uncontrollable tailshock was applied through cutaneous electrodes, and using a shock device, nearly identical to the apparatus used to test motor and vocalization thresholds to shock at the end of the recovery period. Notice that the threshold (Ͻ0.4 mA) for eliciting pain-related behavior (withdrawal and vocalization) in the unshocked controls (in panels 7A, 7B, and 7F) is a fraction of the intensity used (1.5 mA) during the period of uncontrollable stimulation. Further, the UNCONTROLLABLE STIMULATION UNDERMINES RECOVERY AFTER SCI 1807 FIG. 7. The mean (ϮSE) shock intensity needed to elicit a tail withdrawal (A) or vocalization (B) in subjects that had previously received varying durations of intermittent shock in Exp. 1-Shock. The middle panels illustrate the force of tactile stimulation required to elicit a leg withdrawal (C) or vocalization (D) in Exp. 1-Shock. The lower panels illustrate vocalization thresholds to a thermal (E) or shock (F) stimulus in Exp. 3-Controllability.
thresholds observed in the unshocked controls do not differ from those typically observed in untreated intact subjects (King et al., 1996) . These observations suggests that the stimulus intensity that produces a long-term disruption in recovery is supra-threshold for engaging pain fibers. Figure 8 summarizes the consequences of uncontrollable stimulation on functional recovery. This summary was produced by collapsing the results over groups that received similar treatments (either nothing [unshocked] or uncontrollable shock 1-2 days after injury). Rats given uncontrollable shock 1-2 days after injury exhibited locomotor performance that differed by over three points on the BBB scale at the end of the recovery period (Fig.  8A ). To help illustrate the consequences of this difference, we plotted the percent of subjects that achieved a behavioral score greater than or equal to "8" (10 on the original scale). Meeting this criterion requires occasional weight supported plantar steps, an important behavioral milestone. Sixty percent of the unshocked rats met, or exceeded, this criterion (Fig. 8B) . Only 15.6% of the shocked rats achieved this level of behavioral function.
Summary
Other indices of physiological function confirm that shock treatment had an adverse effect on recovery. Shocked rats were more likely to exhibit limb rigidity (Fig. 8C) , took longer to recover bladder function (Fig.  8D) , gained less weight (Fig. 8E) , and had higher mortality (Fig. 8F) .
Our measures of sensory function (Fig. 8G-L) showed that shock treatment differentially affected spinally-mediated and brain-dependent measures. Both heat and tactile stimulation elicit a strong withdrawal in transected animals, suggesting that these measures reflect a spinal reflex (Le Bars et al., 2001) . Neither was affected by prior shock treatment (Fig. 8H,I ). Shock-elicited withdrawal represents a more complicated case, for brain-dependent processes often help organize this defensive response (Fanselow, 1994) . Our most severe shock schedule (3,600 sec, Exp. 1-Shock) increased withdrawal thresholds to shock (Fig. 7A) . However, no effect was observed when the data were collapsed across Experiments 1-3 (Fig.  8G) . A more consistent pattern was observed with tests that require a brain-dependent response. Previously shocked rats exhibited higher vocalization thresholds to shock, heat and tactile stimulation (Fig. 8J,K) .
Histological Analyses
Impact of shock. The impact of injury and shock treatment on white and gray matter at the site of injury is illustrated in Figure 9 . The bars indicate the mean percentages observed in unshocked and uncontrollably shocked rats across Experiments 1-3. The shocked condition included all subjects given uncontrollable shock one day after injury. In the unshocked controls, injury eliminated nearly 40% of the white matter and over 80% of the gray matter. These losses were accompanied by a proportionate increases in the amount of tissue classified as damaged or missing. Shocked rats exhibited a greater loss in white and gray matter. The shock-induced increase in tissue loss did not affect the area of residual damage but instead yielded a larger area of missing tissue.
When analyzed separately, shock had a significant impact on % White, % Gray, % Lesion, and % Missing [all Fs Ͼ 4.93, p Ͻ 0.05]. To determine whether these group differences were related to overall lesion extent (% Damage ϩ % Missing), an ANCOVA was performed on each measure with % Lesion as the covariate. In all three cases, introducing % Lesion as a covariate eliminated the treatment effect [all Fs Ͻ 1.07, p Ͼ 0.05] confirming that the other measures did not account for a unique component of the between group variability. Shock had no effect on % Damage [F (1,44) 
Lesion extent. We also examined how histological outcome varied over an area ϩ 2.4 mm rostral and caudal to the lesion center (Fig. 10) . For all measures, the percentage values varied with level [all Fs Ͼ 15.10, p Ͻ .0001]. In all cases except % Damage (Fig. 10C) , the magnitude of the group difference remained relatively constant above and below the injury, yielding a main effect of shock treatment [all Fs Ͼ 4.29, p Ͻ 0.05] and no interaction with lesion level [all Fs Ͻ 1.13, p Ͼ 0.05]. For % Damage, the main effect of shock treatment was not significant [F (1,43) ϭ 2.27, p Ͼ 0.05]. There was, however, a significant Shock ϫ Level interaction [F (8,344) ϭ 2.08, p Ͻ 0.05]. The Shock ϫ Level interaction emerged because shock treatment only increased % Damage caudal to the injury. Additional analyses that related histological outcome to functional recovery are contained within Appendix B.
DISCUSSION
We found that exposure to uncontrollable shock disrupted recovery of locomotor function after a contusion injury. Exp. 1-Shock showed that just 6 min of intermittent shock had a robust effect. Exp. 2-Window revealed that shock was most effective if given within a few days of injury. Exp. 3-Controllability demonstrated that only uncontrollable shock undermined recovery. Futhermore, subjects given uncontrollable shock 1-2 days after injury were less likely to recover weight supported stepping, ex-GRAU ET AL. weight change, day to recover bladder function and the proportion of subjects that exhibited spasticity or died during the course of recovery. G-L summarize our measures of sensory function, which include withdrawal (G-I) and vocalization (J-L) to shock, heat, or tactile stimulation. Statistical significance of the group differences is reported at the top of each histogram. For differences involving a comparison of the number of subjects exhibiting an outcome (stepping, spasticity, or mortality), group differences were evaluated using Fisher's exact probability test. All other comparisons were made using an ANOVA.
UNCONTROLLABLE STIMULATION UNDERMINES RECOVERY AFTER SCI
hibited a higher incidence of spasticity, had delayed recovery of bladder function, gained less weight, and had higher mortality. Uncontrollable stimulation also reduced the recovery of sensory function as measured by vocalization to thermal, tactile or shock stimuli. Histological analyses showed that uncontrollable shock produced a decrease in white and gray matter over a region that extended rostral and caudal to the injury site. This loss in GRAU ET AL.
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FIG. 9. (A)
The relative percent white and gray matter remaining after injury in shocked and unshocked subjects. Percentages are given relative to values observed in an uninjured section. On this scale, 100% would indicate no injury and 0% indicates total loss. (B) The relative percent tissue classified as damaged, missing, or lesioned (damageϩmissing), in shocked and unshocked subjects. Percentages are given relative to the standard net area of an uninjured spinal cord section. A 0% Lesion indicates no detectable damage or missing tissue and 100% indicates that there is no surviving white or gray matter.
FIG. 10.
Relative percent (mean Ϯ SE) white, gray, lesion, damage and missing tissue over a region Ϯ 2.4 mm rostral and caudal to the lesion center. For % White and % Gray (A,B), values are given relative to the areas observed in an undamaged section. On this scale, 100% indicates no injury. For % Damage, % Missing, and % Lesion (C,E), values are given relative to the standard net area of an uninjured spinal cord section. A 0% lesion would indicate no detectable damage and 100% lesion would indicate a total loss of white and gray matter.
tissue was accompanied by a proportionate increase in lesion area and missing tissue. Shock treatment also increased damage caudal to the injury site. Multivariate analyses (Appendix B) showed that shock treatment had a robust effect on five functional outcomes: locomotor, weight, bladder, vocalization to shock, and vocalization to heat. These functional outcomes were related to the cluster identified with % Lesion. A key observations was that shock only undermined locomotor recovery and sensory function when the afferent signal was uncontrollable; rats that received the same amount of shock, but could control its occurrence, exhibited normal recovery. This pattern of results parallels the outcome obtained in a transection model, where it has been shown that instrumental control can protect spinal cord neurons from the deleterious effects of uncontrollable shock ). The results also compliment earlier studies demonstrating that uncontrollable stimulation can have a disruptive effect in brain-dependent tasks, a phenomenon known as learned helplessness (Maier and Seligman, 1976; Overmier and Seligman, 1967; Peterson, Maier, and Seligman, 1993) . Our work takes this research in a novel direction, demonstrating that similar principles apply to learning within the spinal cord and that the variable of instrumental control regulates the consequences of stimulation on recovery. Though the experiments were motivated by studies on instrumental learning within the spinal cord, both brain-mediated and spinal cord systems may contribute to the effects of uncontrollable stimulation on spinal cord injury. Further work is needed to delineate the relative contribution of spinal/brain systems and to determine whether uncontrollable stimulation affects recovery from a brain injury.
While instrumental control helped protect locomotor and sensory function, it did not block the effect of shock on mortality, weight gain, bladder function, or spasticity. These dissociations suggest that shock treatment had multiple effects, not all of which were regulated by the motor-sensory (response-outcome) relation that underlies instrumental control. Shock-related effects that were not affected by the variable of control represent unconditioned (unlearned) consequences of stimulation and the factors affected (weight gain, bladder function, spasticity, mortality) are key to survival.
We first discovered that uncontrollable shock affects spinal cord function using a transection model. Using this paradigm we have shown that the inhibition of learning is linked to the disruption of NMDA-mediated plasticity and the release of an agent that acts on the kappa-opioid receptor Joynes and Grau, 2003) . Uncontrollable stimulation may inhibit learning by causing an overexcitation that induces a form of central sensitization (Crown et al., 2002b) . Supporting this, we have shown that physiological manipulations that induce central sensitization (e.g., peripheral inflammation) inhibit learning and that drug manipulations that attenuate the development of central sensitization have a protective effect (Ferguson et al., 2001 . Overexcitation could saturate NMDA-mediated plasticity within the spinal cord (Moser et al., 1998) and increase vulnerability to cell death (Wada et al., 1999) . Histological analyses have shown that uncontrollable shock engages cellular changes indicative of apoptosis (Liu et al., 2003) . These results suggest that uncontrollable shock engages some of the same mechanisms implicated in injury-induced secondary damage (Faden et al., 1988; Ferguson et al., 2002; Joynes and Grau, 2003; Hulsebosch, 2002; Liu et al., 2003; Wada et al., 1999) .
The lower spinal cord could be particularly susceptible to damage after a contusion injury, in part, because the contusion disrupts the protective effect of descending fibers (Hains et al., 2001) . Neurons that descend through the dorsolateral funiculus normally help protect the lower spinal cord in intact animals Gjerstad et al., 2001; Hains et al., 2003) . A contusion injury would damage these fibers and, as a result, predispose the lower spinal cord to the destructive effect of nociceptive stimulation. In the absence of descending regulation of the nociceptive input, overexcitation could occur leading to cell death (Liu et al., 1999; Nachemson and Bennett, 1993; Sugimoto et al., 1990) , poor recovery (Hulsebosch, 2002) , and greater incidence of pathological pain (Siddall and Loeser, 2001; Yezierski et al., 1998) .
Spinal cord injury in humans is often accompanied by tissue damage, providing a source of prolonged nociceptive input. Heightened nociception can also arise from inflammation, and/or the development of central sensitization (Coderre, 2001; Watkins and Maier, 2002; Willis, 2001; Woolf, 2000) . These sources of uncontrollable nociceptive input could impair recovery through excessive excitatory amino acid release within the spinal cord, inducing cell death and contributing to the induction of pathological pain (Hulsebosch, 2002; Nachemson and Bennett, 1999; Yezierski et al., 1998) . The net effect of uncontrollable spinal cord stimulation is likely influenced by the degree of spared white matter in two ways. First, the loss of descending inhibition would provide a neural environment predisposed to overexcitation. Second, surviving ascending fibers could provide a source of uncontollable pain that predisposes a patient to helplessness and depression, which could further undermine function (Maier and Seligman, 1976; Siddall and Loeser, 2001 ). These observations imply that reducing nociceptive input could benefit patients by reducing both the destruc-UNCONTROLLABLE STIMULATION UNDERMINES RECOVERY AFTER SCI tive processes within the spinal cord and the helplessness that develops in the face of uncontrollable pain. While physicians normally take steps to lessen pain reported by a patient, damage below an injury may not lead to pain complaints and go untreated. Our results suggest that this nociceptive input could, nonetheless, have a destructive effect and impair recovery.
There are also implications for therapeutic procedures utilizing functional electrical stimulation (Barbeau et al., 2002) . If done correctly, electrical stimulation timed to promote motor behavior will involve a regular responseoutcome (instrumental) relation that resembles the controllable shock paradigm employed in Experiment 3. As shown elsewhere, controllable stimulation can have a protective effect that enables spinal cord plasticity ). This could explain, in part, how the benefits of functional electrical stimulation outlast the period of stimulation (Barbeau et al., 2002) . Controllability could also contribute to the beneficial effects of locomotor training (Edgerton et al., 2001; Wernig et al., 2001) . However, in both cases, poorly timed training regimens in which stimulation, motor behavior, and feedback, become uncorrelated, could provide a source of uncontrollable stimulation which our research suggests would impair recovery. It is also worrisome that some adverse effects of shock exposure (high mortality, poor weight gain, slow recovery of bladder function, and increased spasticity) were not lessened by instrumental control. These concerns are lessened if shock is presented outside of the window vulnerability (Exp. 2-Window). However, while this window appears to close within a couple weeks in our animal model, the human spinal cord could remain vulnerable far longer.
Finally, our results have implications for the evaluation of drug treatments designed to reduce secondary damage after injury. While experimental studies under controlled laboratory conditions have revealed a number of drugs that should reduce damage, clinical outcomes have been variable (Hulsebosch, 2002) . Whether reducing overexcitation, through administration of a serotonin agonist (Hains et al., 2001) or NMDA antagonist (Wada et al., 1999) , is effective may depend on whether there is a source of uncontrolled nociceptive input (e.g., from inflammation or tissue damage). In cases where there is negligible afferent nociceptive activity, these drug treatments may have little effect on long-term recovery.
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APPENDIX
A. Calculation of Histological Scores
Seeking to improve the correlation between behavioral outcome and our measures of tissue sparing/loss, percentage values were calculated using a procedure similar to that employed by Olby and Blakemore (1996) . These analyses showed that (1) transforming the area measurments to percentages improved the correlation with behavioral (locomotor) outcome; (2) a near perfect negative correlation existed between %White and %Le-sion that was largely due to the loss of white matter (% Missing); and (3) the tissue region classified as damaged accounted for an independent source of variance that was unrelated to locomotor function.
Percentages were derived by calculating the ratio of section area to a constant derived from undamaged spinal cord tissue. The formulas used are given in Figure 11C . Because the calculations involve constants, this method for computing percent values cannot introduce a source of bias. Further, because each formula involved an algebraic transformation of a corrected value, the absolute values of the correlations obtained with locomotor score remained the same.
As would be expected, some measures of histological outcome were highly correlated. This is illustrated in Figure 11D . The strongest relationship obtained was between the relative % Lesion and % White matter [r ϭ Ϫ0.96, p Ͻ 0.0001]. To a large extent, the degree of tissue loss (% Lesion) can be predicted from the amount of white matter remaining. Percent Lesion is the sum of two components, % Damage (i.e., cystic formations and dense gliosis) and % Missing (i.e., tissue loss from atrophy, necrosis or apoptosis). It is interesting to note that spared white matter is inversely correlated with the area of missing tissue [r ϭ Ϫ0.87, p Ͻ 0.0001], but has no correlation with the area of damaged tissue [r ϭ Ϫ0.067, p Ͼ 0.05]. Finally, a comparison of the correlations obtained between net lesion area (% Lesion) and its components (% Damage and % Missing) revealed that the variation in lesion size was determined by differences in the area of missing tissue [r ϭ 0.87, p Ͻ .0001], not % Damage [r ϭ 0.14, p Ͼ 0.05].
A factor analysis (principal components with varimax rotation) was performed to examine the inter-relationship among our histological measures. This analysis yielded two orthogonal (independent) factors that accounted for 90% of the variance in histology. The first factor accounts GRAU ET AL.
for 66% of the variance and the second factor for the remaining 24%. The rotated factor loadings are shown in Figure 11E . The % Lesion measure loaded very highly (0.99) onto the first factor, accounting for 98% of the variance. This suggests that the first factor is virtually interchangeable with % Lesion. Because the first factor accounts for 66% of the variance in the histology, we can conclude that % Lesion accounts for the majority of variance in histology. All of the remaining measures, except for % Damage, also had high loadings on the first factor, confirming that these measures contained substantial overlap with relative percent lesion. The % Damage measure loaded very highly (0.98) on the second factor, accounting for approximately 96% of its variance. This indicates that the second independent factor functionally represents % Damage.
Referring back to the correlations with locomotor score (Fig. 11A) , we can see that % Lesion, % White, and % Missing, all yielded comparable correlations. Similar correlations were presumably obtained because these measures were linked by a common factor. Percent Damage was unrelated to this cluster and had little relation to lo-UNCONTROLLABLE STIMULATION UNDERMINES RECOVERY AFTER SCI comotor score [r ϭ Ϫ0.08, p Ͼ 0.05]. This weak correlation is not an artifact of our transformations because, if anything, the absolute area of damage had an even weaker relation [r ϭ Ϫ0.04, p Ͼ 0.05] with locomotor function. These analyses imply that % Damage reflects an independent source of variation. Though not related to locomotor function, it could predict other aspects of recovery.
B. Relation of Histological Outcome and Functional Recovery
Additional statistical analyses examined the relationship between our indices of histological outcome and the recovery of function. The correlations obtained (collapsed across the entire set of 64 subjects) are illustrated in Fig. 12A -C. Inspection of Figure 12A indicates that % White, % Lesion, and % Missing, formed a cluster, yielding groups of significant correlations (in bold). This group of measures correlated with terminal locomotor score (averaged across the last four test sessions), weight change, the day bladder function recovered, and shock reactivity (withdrawal and vocalization). Percent Gray was uniquely correlated with withdrawal from tactile stimulation. Percent damage was not strongly related to any measure of recovery.
In general, similar correlations were obtained for the unshocked and shocked groups (Fig. 12B,C) . However, because there were fewer observations, these correlations were less likely to be statistically significant. Two distinct features do, however, stand out. First, in unshocked subjects, the tactile reactivity was affected by % Missing tissue. Second, the relation observed between shock withdrawal and % Lesion/% White was limited to the shocked rats; only shocked rats showed longer latencies as % Lesion increased. Shocked rats also exhibited longer latencies to vocalize to heat as % Damage increased (an effect that was inversely related to missing tissue).
Multivariate analyses. Our preliminary analysis of the histological measures (under Appendix A) suggested that % Lesion and % Damage, accounted for most of the variance in histological scores. To better characterize how these measures were related to functional outcome, a second factor analysis (principal components) was performed. This analysis combined our histological markers with our measures of functional recovery with the aim of discovering factors that would relate the two sets of data. This analysis produced a four-factor solution that accounted for 65% of the variance. The rotated factor loadings are shown in Figure 12D . We chose to retain factor loadings above 0.5, thereby accounting for at least 25% of the variance in the factors with each retained variable.
Using this criterion, the first factor appeared to represent the interrelationships among autonomic function, locomotion, lesion size, and health. The second factor represented the interrelationship among the pain measures to shock and heat. The third factor represented the relationship between the two tactile measures. It is noteworthy that these first three distinct factors accounted for 55% of the variance in the outcome measures. Only relative damage loaded onto the fourth factor, confirming that relative damage was unrelated to the other measures. Given that all of the measures loaded onto at least one of the factors, all of the measures were included in subsequent analyses.
The fact that shock treatment affected the intercorrelations among variables suggests that shock exposure had a global effect on multiple measures. To explore the nature of these differences, we analyzed the impact of shock in a multivariate fashion. As a general approach, the first step in a multivariate analyses involves finding a linear combination of outcome measures that explains the maximum variance within the set. This linear combination, known as a discriminant function, can then be treated as an outcome variable that is amenable to analysis of variance in a similar fashion to the univariate ANOVA. However unlike ANOVA, multivariate analysis of variance (MANOVA) allows us to explore the impact of shock on the correlated patterns of change across multiple dependent variables. To examine the impact of shock on correlated tissue and functional change, a MANOVA was performed on our functional measures and the three histological measures retained after our factor analysis. The MANOVA revealed a significant effect of shock [l ϭ 0.39, F ϭ 4.26, p Ͻ 0.01] suggesting that there were differences between the shock conditions (shocked vs. unshocked) using the multivariate discriminant function as the outcome variable. This variable represents a linear combination of the outcome measures (histological and functional) that maximally distinguishes shocked from unshocked subjects. A discriminant function analysis was used as a post hoc test to determine the nature of group differences on this discriminant function. The analysis revealed that the shocked group had a significantly lower multivariate group mean on the discriminant function than the unshocked group [l ϭ 0.39, p Ͻ 0.01]. To determine the relative contribution of the various dependent measures to the discriminant function we examined the correlation between each outcome measure and the discriminant function. The correlations, known as structure coefficients, are displayed in Figure 12E . As with the factor analyses, a varimax rotation was performed on the structure coefficients. Retaining structure coefficients above 0.3 (accounting for 10% of the variance), there were six dependent measures that significantly con-GRAU ET AL.
FIG. 12. (A-C)
The correlations between our histological measures and functional outcome for all subjects (A), unshocked controls (B), and rats given uncontrollable shock (C). Statistical significance is indicated with an "*" and bold type. Note that the correlation required to reach statistical significance varies with sample size. As a result, a lower value (r (64) Ͼ 0.25) was required in A than in B (r (18) Ͼ 0.44) or C (r (28) Ͼ 0.36) to reach statistical significance (p Ͻ 0.05). (D) The rotated factor scores from a factor analysis of the histological and functional outcome results. Following common convention, we retained factor loadings greater than 0.5. Factor 1 revealed a cluster related to % Lesion, locomotor score (last 4 BBB), weight change, and the day on which bladder function recovered. The second factor was related to withdrawal and vocalization to heat or shock. Factor 3 loaded on our measures of tactile reactivity (vocalization and withdrawal) and Factor 4 was related to % Damage. (E) The structure coefficients from a MANOVA conducted on the histological and functional outcome data. Coefficients greater than 0.3 accounted for approximately 10% (or more) of the variance and were considered significant. These coefficients included locomotor score (last 4 BBB), weight change, day bladder function recovered, vocalization to shock or tactile stimulation, and % Lesion. Vocalization to heat, % Damage, and withdrawal from shock, tactile, or heat, did not yield significant coefficients. tributed to the difference between shocked and unshocked subjects. Based on the structure coefficients it can be argued that the discriminant function represents locomotor, autonomic function, and brain-mediated sensory processes, and their relationship to health and lesion size. Shocked subjects tended to have lower BBB scores, less weight gain, delayed recovery of bladder function, higher latencies to vocalize to tactile and shock stimulation, and larger lesions than the unshocked subjects.
